The Helium Ion Microscope (HIM) has the capability to image small features with a resolution down to 0.35 nm due to its highly focused gas field ionization source and its small beam-sample interaction volume. In this work, the focused helium ion beam of a HIM is utilized to create nanopores with diameters down to 1.3 nm. It will be demonstrated that nanopores can be milled into silicon nitride, carbon nanomembranes (CNMs) and graphene with well-defined aspect ratio. To image and characterize the produced nanopores, helium ion microscopy and high resolution scanning transmission electron microscopy were used. The analysis of the nanopores' growth behavior, allows inferring on the profile of the helium ion beam.
The work was performed with a Zeiss ORION Plus helium ion microscope, equipped with a Raith ELPHY Multibeam pattern generator. Pores were typically milled at beam energies of 35-40 keV at a working distance of 7-10 mm. Depending on the substrate and its cleanliness, the helium ion beam current was set to values of 0.5-6.2 pA. Secondary electrons (SE) as well as transmitted ions were used as signals for imaging. For the latter, a scanning transmission ion microscopy (STIM) extension was utilized. 12 For the high resolution imaging of nanopores, an ultra-high vacuum scanning transmission electron microscope (Nion UltraSTEM 100) provided atomic resolution images at a beam energy of 60 keV, while minimizing sample damage. 13 At the STEM the high-angle annular dark field signal (HAADF) was chosen. As membranes we used 30 nm thick silicon nitride membranes (Silson Ltd), single layer graphene sheets grown by CVD, 14 and 1 nm thick carbon nanomembranes (CNM). CNMs were made by electron irradiation of aromatic self-assembled monolayers leading to a two-dimensional cross-linking and the formation of mechanically free-standing membranes.
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Figure 1: Three different nanopore arrays in silicon nitride imaged by HIM (transmission detection, STIM). (a)
Writing a pattern of circular areas in concentric inward (top row) and concentric outward direction (bottom row) is accompanied by hydrocarbon deposition, depending on the writing path. (b) When repeating the pattern writing of (a) at another membrane position after cleaning the sample, no difference between inward and outward direction is observed. Note that (a) and (b) show fine details, but -unexpectedly-pores appear darker than the membrane. (c) Nanopores imaged with a cleaned, i.e. hydrocarbon free, STIM detector, showing an -expected-contrast with "bright" pores in a "dark" membrane.
Two approaches were made to mill nanopores: (i) keeping the beam at a constant position and unblanking it for a desired exposure time and (ii) exposing the sample with a predefined pattern. Fig. 1 shows nanopore arrays in silicon nitride which were created by patterns of circular areas. The arrays were then imaged with a HIM in the transmission (STIM) mode. At first sight, it is striking that although Fig. 1 (a) and (b) are bright field transmission images, the milled holes appear darker than the SiN membrane. This inversion of contrast is most likely due to hydrocarbons on the STIM detector.
This detector generates a secondary electron signal from the transmitted helium ions. In presence of a high ion intensity, i.e. at openings in the SiN membrane, hydrocarbons on the detector can charge, On clean samples nanopores of 5 nm in diameter can be built by this writing strategy. When the ion dose is increased, the diameter of all pores increases and pores of diameters below 5 nm open at locations that had been closed before. However, during HIM imaging these nanopores further grow as the very thin material at their thin edge is sputtered away faster than material at the rim of larger high aspect ratio pores. We therefore expect that smaller pores can be detected by utilizing e.g. TEM below an electron energy of 120 keV which is known to be non-destructive on silicon nitride. 1 A patterning strategy that employs the filling of geometrical objects thus provides reasonable results for a range of pore sizes and aspect ratios. However, for very thin membranes the aspect ratio is determined by the thickness of the membrane. In the case of graphene, taking control of the aspect ratio becomes meaningless, as the thickness is fixed. The following section thus deals with the creation of very small nanopores by spot exposures in carbon nanomembranes, graphene and silicon nitride. In this case the focused ion beam is kept at a fixed position and the pore size is controlled by the exposure time. The CNM is an amorphous layer of cross-linked biphenyl molecules, and it also contributes to the thickness variation seen in the images. Light patches in (a) are assigned to residues of a polymer layer used in the transfer process. 16 the breakthrough dose shows that slight differences in the membrane thickness determine whether or not a pore can be created. Figure 2c shows the smallest pore in this array at atomic resolution. The actual pore (see dashed circle) has a diameter of ~0.8 nm on the shorter axis and ~1.6 nm on the longer axis while its surrounding was thinned to atomic mono-or bilayers by the ion beam. The symmetry of the exposed area appears not circular. However, larger pores at longer exposure times indicate that the ion beam has a circular symmetry. Hence, it appears as the local stability of the molecular membrane influences the pore shape at very low doses.
Characteristic results for all investigated membranes are summarized in Table I . In all membranes nanopores below 4 nm could be created and detected. HIM and STEM were used for the analysis of the pore arrays. A comparison between HIM and STEM on both carbon based membranes shows that the smallest detectable pore size is around 3 nm in HIM, whereas STEM provides atomic resolution.
The breakthrough dose correlates with the thickness of the membranes and is the lowest for graphene.
In contrary the silicon nitride membrane shows the highest sputter rate while graphene and CNM have lower ones. We attribute this to the higher thickness of the silicon nitride which increases the probability of a helium ion to hit a target atom. CNM and graphene show similar sputter rates, in agreement with their carbon based composition and their thinness. In Figure 3 the pore diameters are plotted against the required ion doses. If the pores were not of circular shape, the diameter was averaged from a perfect circle with the same pore area. For graphene and silicon nitride membranes the curves were extracted from HIM images, STEM data were taken for CNMs. The curves show a steep increase of the pore size which gradually slows with increasing dose. The comparison of graphene and CNM shows the detection limits of the HIM, which obscures identification of pores below 3 nm, although both curves show a similar growth behavior. For silicon nitride we observe a slower pore size growth in agreement with the calculated sputter yield. The growth behavior of nanopores is further related to the profile of the milling ion beam, i.e. its point spread function (PSF). In resist based lithography with light and ions, it has been shown that the PSF can be deduced from spot exposure arrays. 21, 22 We can adopt this concept for nanopore milling: When the breakthrough dose is exceeded at a certain point in the PSF, a hole is created. The diameter of a nanopore is therefore related to the width of the PSF at a certain height. Varying the exposure time changes the amplitude of the PSF:
Here is the radius of a pore, the exposure time for this pore and the breakthrough dose. The Figure 4 (a) shows beam profiles for CNM and silicon nitride, derived from the data in Figure 3 . In a first approximation a Gaussian distribution is fitted to the data, having its maximum at 0 nm. The beam currents in (a) are comparable for both data sets, meaning the beam profile is expected to be the similar.
In both cases the full width at half maximum (FWHM) gave identical results to the second decimal place. We thus could deduce identical beam profiles from milling membranes of different composition, sputter yield and thickness. We also found the dose of the HIM imaging to be sufficiently low to not widen the pores, as the STEM analysis for CNMs and the HIM analysis for SiN show similar beam profiles. In summary, we demonstrated two approaches of creating nanopores into membranes of different material. With milling geometrical patterns we can vary the thickness of the pore's rim in silicon nitride, while realizing pore diameters down to 5 nm. With spot exposures we are able to mill smaller features and achieve pore diameters down to 1.3 nm. We evaluated the sputter yield for our membranes and deduced the beam profile from the growth of the nanopores. Remarkably, the profile can be also determined if we use the HIM for both milling and imaging. Milling well defined nanopores in the demonstrated size range as well as the improved knowledge of the helium ion beam characteristic will facilitate the application of such small pores in other scientific research areas like the analysis of biomolecules with nanopore-based approaches.
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